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(57) ABSTRACT

A system includes acquisition of a three-dimensional com-
puted tomography image of a patient volume at a computed
tomography scanner, acquisition of projection images of the
patient volume located at an 1socenter of a linear accelerator,
and determination of a transformation between a coordinate
system of the linear accelerator and a coordinate system of the
three-dimensional computed tomography 1mage based on the
projection 1mages.
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1
PATIENT POSITIONING SYSTEM

BACKGROUND

1. Field

The embodiments described below relate generally to the
delivery of therapeutic radiation to a patient. More specifi-
cally, some embodiments are directed to the positioning of a
patient volume prior to the delivery of radiation therapy.

2. Description

According to conventional radiation therapy, a beam of
radiation 1s directed toward a target volume (e.g., a cancerous
tumor) located within a patient. The radiation beam delivers a
predetermined dose of therapeutic radiation to the target vol-
ume according to an established treatment plan. The delivered
radiation kills cells of the target volume by causing 10niza-
tions within the cells or other radiation-induced cell damage.

Treatment plans are designed to deliver a particular radia-
tion dose to a target volume, while ensuring that surrounding,
healthy tissue does not recerve an unsaie dose. To design a
radiation treatment plan, a designer views a three-dimen-
sional 1mage of a patient volume (1.¢., a “planning” 1mage)
and defines one or more treatment beams to be delivered to the
volume by a linear accelerator (linac), with each beam having,
a delivery angle, a shape, a dose rate and other characteristics.
The designer also defines a treatment 1socenter within the
volume through which the treatment beams pass.

A treatment plan therefore assumes that relevant portions
ol a patient will be 1n particular positions relative to a linac
during delivery of the treatment radiation. Therefore, the
goals of the treatment plan may not be achieved 1f the relevant
portions are not positioned in accordance with the treatment
plan during actual delivery of the radiation. More specifically,
errors 1n positioning the patient can cause the delivery of low
radiation doses to tumors and high radiation doses to sensitive
healthy tissue. The potential for misdelivery increases with
increased positioning errors.

Many techniques have been developed to verily patient
positioning prior to the delivery of treatment radiation by a
linac. Specifically, this verification 1s intended to confirm that
the treatment 1socenter of the planning 1image 1s aligned with
the 1socenter of the linac.

According to one currently-used positioning system, tattoo
marks are placed on a patient during acquisition of the plan-
ning 1mage. The tattoo marks provide an external indication
of the location of the treatment 1socenter as defined by the
treatment plan. Prior to treatment, radio-opaque seeds are
placed on the tattoo marks and another three-dimensional
image (1.€., a “pre-treatment image™) 1s acquired, in which the
seeds are visible.

The patient 1s then positioned for treatment by aligning the
seeds/tattoos with lasers 1nside the linac treatment room. The
lasers define the linac 1socenter, so, by referring to the loca-
tions of the seeds 1n the pre-treatment 1mage, 1t 1s possible to
identify the linac 1socenter within the pre-treatment image.
Rigid registration between the planning 1mage and the pre-
treatment 1mage provides the location of the treatment 1so0-
center within the pre-treatment image, thereby allowing com-
putation of the offset between the linac 1socenter and the
treatment 1socenter. The patient 1s moved according to this
olfset and treatment commences.

The foregoing process presents several problems. First, the
tasks of accurately securing the seeds on the tattoo marks and
aligning the seeds with the in-room lasers are time-consum-
ing. Moreover, both of these tasks are subject to human error.
Accuracy of the process also depends on precise calibration
between the 1n-room lasers might and the linac 1socenter.
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Improved patient positioning and verification systems are
desired.

SUMMARY

To address at least the foregoing, some embodiments pro-
vide a system, method, apparatus, and means to acquire a
three-dimensional computed tomography 1image of a patient
volume at a computed tomography scanner, acquire projec-
tion 1mages of the patient volume located at an 1socenter of a
linear accelerator, and determine a transformation between a
coordinate system of the linear accelerator and a coordinate
system of the three-dimensional computed tomography
image based on the projection 1mages.

In some aspects, determination of the transformation
includes calculation, for each acquired projection 1mage, of
corresponding projection images irom the three-dimensional
computed tomography 1mage, and determination of the trans-
formation based on differences between the calculated pro-
jection 1mages and their corresponding acquired projection
images. Additionally, a second three-dimensional computed
tomography image of the patient volume may be initially
acquired, a treatment 1socenter 1n the second three-dimen-
sional computed tomography image identified, a second
transformation between the coordinate system of the three-
dimensional computed tomography image and the coordinate
system of the second three-dimensional computed tomogra-
phy image determined, a position of the treatment isocenter in
the second three-dimensional computed tomography 1mage
determined based on the transformation and the second trans-
formation, and the treatment 1socenter 1n the patient volume
aligned with the linac 1socenter based on the determined
positions.

According to some aspects, acquisition of the three-dimen-
sional computed tomography image of the patient volume
includes acquisition of the three-dimensional computed
tomography 1mage of the patient volume positioned on a
support comprising fiducials, and acquisition of the projec-
tion 1mages of the patient volume located at the 1socenter of
the linear accelerator includes acquisition of the projection
images of the patient volume positioned on the support.
Moreover, determination of the transformation includes
determination of first positions of the fiducials 1n the coordi-
nate system of the three-dimensional computed tomography
image, determination of second positions of the fiducials 1n
the coordinate system of the linear accelerator based on the
projection images, and determination of the transformation
based on the first positions and the second positions.

The claims are not limited to the disclosed embodiments,
however, as those 1n the art can readily adapt the description
herein to create other embodiments and applications.

BRIEF DESCRIPTION OF THE DRAWINGS

The construction and usage of embodiments will become
readily apparent from consideration of the following specifi-
cation as 1llustrated 1n the accompanying drawings, in which
like reference numerals designate like parts, and wherein:

FIG. 1 illustrates a computed tomography system accord-
ing to some embodiments;

FIG. 2 15 a perspective view of a radiation treatment room
according to some embodiments;

FIG. 3 1s a block diagram of the internal architecture of
radiation treatment room devices according to some embodi-
ments;

FIG. 4 comprises a flow diagram illustrating a process
according to some embodiments;
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FIG. § 1llustrates various coordinate systems according to
some embodiments:

FIG. 6A 1illustrates a three-dimensional pre-treatment
image according to some embodiments;

FIG. 6B illustrates acquisition of projection i1mages
according to some embodiments;

FIG. 7 comprises a flow diagram illustrating a process
according to some embodiments;

FI1G. 8 1llustrates a computed tomography system accord-
ing to some embodiments;

FIG. 9 1s a perspective view ol a radiation treatment room
according to some embodiments;

FIG. 10A 1illustrates a three-dimensional pre-treatment
image according to some embodiments; and

FIG. 10B illustrates acquisition of projection images
according to some embodiments.

DETAILED DESCRIPTION

The following description 1s provided to enable any person
in the art to make and use the described embodiments and sets
forth the best mode contemplated for carrying out the
described embodiments. Various modifications, however,
will remain readily apparent to those 1n the art.

FIG. 1 illustrates CT scanner 110 1s located in CT room
100. CT scanner 110 includes X-ray source 111 for emitting
fan-shaped X-ray beam 112 toward radiation receiver 113.
Both X-ray source 111 and radiation recerver 113 are
mounted on ring 114 such that they may be rotated through
360 degrees while maintaining the physical relationship ther-
cbetween.

In operation, patient 115 1s positioned on bed 116 to place
a portion of patient 115 between X-ray source 111 and radia-
tionrecerver 113. Next, X-ray source 111 and receiver 113 are
rotated by rotation drive 117 around cavity 118 1n which
patient 115 lies. During this rotation, X-ray source 111 1s
powered by high-voltage generator 119 to transmit X-ray
radiation toward recerver 113. Receiver 113 receives the
radiation and produces a set of data (1.e., a projection image)
for each projection angle.

Operator console 120 includes mput device 122 for receiv-
ing 1instructions from an operator and output device 124,
which may be a momtor for presenting operational param-
cters of scanner 110 and for displaying images acquired
thereby. Input device 122 and output device 124 are coupled
to processor 126 and storage 128. Processor 126 may execute
program code stored in storage 128 to perform any of the
operations, and/or to cause scanner 110 to perform any of the
operations, described herein.

Processor 126 may execute program code of storage 128 to
reconstruct three-dimensional 1mages from the projection
images acquired by scanner 110. Processor 126 may also
allow an operator to view, on display 124, “slices” of such
three-dimensional 1mages. Processor 126 may also execute
program code of storage 128 to allow an operator to 1dentify
a treatment 1socenter within patient 115, and to create a treat-
ment plan as 1s known 1n the art. According to some embodi-
ments, a separate computer system including a processor
(c.g., a dedicated planming system) may execute program
code to generate treatment plans as described herein.

FI1G. 2 illustrates radiation treatment room 200 pursuant to
some embodiments. Radiation treatment room 200 includes
linac 205, table 245 and operator console 260. The elements
of radiation treatment room 200 may be used to deliver radia-
tion to a target volume of patient 1135. In this regard, patient
115 may comprise a patient of whom three-dimensional
images were previously generated by CT scanner 110.
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Linac 205 generates and emits radiation beams, and 1s
primarily composed of treatment head 210 and gantry 215.
Treatment head 210 includes a beam-emitting device (not
shown) for emitting one or more radiation beams during
treatment, calibration, and/or other scenarios. An emitted
radiation beam may comprise electron, photon or any other
type of radiation. According to some embodiments, the radia-
tion beam exhibits energies of more than 1 MeV (1.e., mega-
voltage radiation) and/or between 50 and 150 keV (i.e., kilo-
voltage radiation). Also included within treatment head 210 1s
a beam-shielding device, or collimator (not shown), for shap-
ing the beam according to a treatment plan.

Treatment head 210 1s coupled to a projection of gantry
215. Gantry 213 1s rotatable around gantry axis 220 before,
during and after radiation treatment. As indicated by arrow
225, gantry 215 may rotate clockwise or counter-clockwise
according to some embodiments. Rotation of gantry 215
serves to rotate treatment head 210 around axis 220.

During radiation treatment, a radiation beam 1s emitted
from treatment head 210 as a divergent beam (i.e., a cone).
The beam 1s emitted towards an 1socenter of linac 205. The
1socenter 1s located at the itersection of beam axis 230 and
gantry axis 220. Due to divergence of the radiation beam and
the shaping of the beam by the atorementioned beam-shaping
devices, the beam may deliver radiation to a volume of patient
115 rather than only to the 1socenter.

During treatment, linac 205 may be operated so that each
treatment beam emitted thereby exhibits a desired intensity
(e.g., represented 1in monitor units (MU)) and aperture (1.€., a
cross-sectional shape determined at least 1n part by the above-
mentioned collimator), and 1s delivered from a desired gantry
angle. The intensity, aperture and gantry angle of a beam are
specified by a treatment plan, and control software may con-
figure linac 205 to automatically execute such a treatment
plan by delivering beams of the desired intensities and shapes
from the desired angles at desired moments.

Table 245 supports patient 115 during radiation treatment.
Table 245 may be adjustable to assist 1n positioning a treat-
ment area of patient 115 at the 1socenter of linac 205. Table
245 may also be used to support devices used for such posi-
tioning, for calibration and/or for verification.

Imaging device 235 may acquire images before, during
and/or after radiation treatment. For example, imaging device
235 may be used to acquire 1mages for verification and recor-
dation of a target volume position and of an internal patient
portal to which radiation 1s delivered.

Imaging device 235 may be attached to gantry 215 1n any
manner, including via extendible and retractable housing 240.
Rotation of gantry 215 may cause treatment head 210 and
imaging device 235 to rotate around the 1socenter such that
1socenter remains located between treatment head 210 and
imaging device 235 during the rotation.

Imaging device 235 may comprise any system to acquire
an 1mage based on received megavoltage photon radiation. In
a case that linac 2035 1s capable of producing kilovoltage
photon radiation via beamline modification or other tech-
niques, imaging device 235 may also acquire images based on
such kilovoltage radiation. In some embodiments, 1imaging,
device 235 1s a flat-panel 1maging device using a scintillator
layer and solid-state amorphous silicon photodiodes
deployed 1n a two-dimensional array. In operation, the scin-
tillator layer receives photons and generates light 1n propor-
tion to the intensity of the received photons. The array of
photodiodes recerves the light and records the intensity of
received light as stored electrical charge.

In other embodiments, imaging device 2335 converts
received photons to electrical charge without requiring a scin-



US 8,801,672 B2

S

tillator layer. The photons are absorbed directly by an array of
amorphous selentum photoconductors. The photoconductors
convert the photons directly to stored electrical charge. Imag-
ing device 235 may also comprise a CCD or tube-based
camera. Such an imaging device 235 may include a light-
prool housing within which are disposed a scintillator, a
mirror, and a camera.

The charge developed and stored by 1maging device 235
represents radiation intensities at each location of a radiation
field produced by a beam emitted from treatment head 210.
Since patient 115 1s located between treatment head and
imaging device 235, the radiation intensity at a particular
location represents the attenuative properties of tissues along
a divergent line between a radiation source in treatment head
210 and the particular location. The set of radiation intensities
acquired by 1maging device 2335 may therefore comprise a
two-dimensional projection image of these tissues.

Operator console 260 includes mput device 265 for recerv-
ing instructions from an operator and output device 270,
which may be a monitor for presenting operational param-
cters of linac 205 and imaging device 235 and/or interfaces
for recerving instructions. Output device 270 may also
present a two-dimensional projection 1mage, a three-dimen-
sional megavoltage (or kilovoltage) cone beam 1mage con-
structed based on several two-dimensional projection images,
and/or two-dimensional “slice” images based on three-di-
mensional images.

Input device 265 and output device 270 are coupled to
processor 275 and storage 280. Processor 275 may execute
program code to perform any of the determinations and gen-
erations described herein, and/or to cause linac 205 to per-
form any of the process steps described herein.

Storage 280 may also store program code to generate and/
or modily a treatment plan according to some embodiments.
Such code may comprise the SyngoRT™ suite or the KON-
RAD™ treatment planning system sold by Siemens Medical
Solutions®. Accordingly, storage 280 may also store radia-
tion treatment plans 1 accordance with any currently- or
hereafter-known format. The treatment plans may comprise
scripts that are automatically executable by elements of room
200 to provide radiation therapy fractions. Each fraction of
cach treatment plan may require a patient to be positioned 1n
a particular manner with respect to treatment head 210.

Operator console 260 may be in a room other than treat-
ment room 200, 1n order to protect its operator from radiation.
For example, treatment room 200 may be heavily shielded,
such as a concrete vault, to shield the operator from radiation
generated by linac 205.

FI1G. 3 1s a block diagram of elements of treatment system
300 according to some embodiments. The illustrated ele-
ments may be implemented by any suitable combination of
hardware, software and/or firmware. Operator console 260
may be implemented by one or more separate computing,
systems.

As shown, operator console 260 includes several elements
for intertacing with other elements of treatment system 200.
Specifically, operator console 260 includes collimator inter-
face 261, beam interface 262, gantry interface 263, table
interface 264, and imaging device interface 266. Operator
console 260 may control the various elements through the
interfaces and based on 1nstructions recerved from processor
275,

Collimator 1nterface 261 may be used to control the open-
ing, closing and rotation of collimator 300. Beam interface
262 may control beam-controlling elements 207 of linac 2035
based on desired beam characteristics. In particular, beam
interface 262 may control trigger signals for controlling an
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injector current and RF power signal to generate a treatment
beam or an 1maging beam having a particular energy.

Interfaces 261, 262, 263, 264 and 266 may comprise dedi-
cated hardware and/or software interfaces, and one or more of
interfaces 261,262,263, 264 and 266 may be implemented by
a single interface. For example, iterfaces 261 through 263
may be implemented by a single Ethernet interface and inter-
faces 264 and 266 may be implemented by proprietary inter-
faces for interfacing with table 245 and imaging device 235.

Processor 275 executes processor-executable program
code stored 1n storage 280 to provide operation according to
some embodiments. Storage 280 may comprise any tangible
medium, including but not limited to a fixed disk, a floppy
disk, a CD-ROM, a DVD-ROM, a Flash drive, or a magnetic
tape. The program code may comprise system control appli-
cation 281 to execute one of treatment plans 282 according to
some embodiments.

Treatment plans 282 may conform to any currently- or
hereafter-known format. Treatment plans 282 may comprise
scripts that are automatically executable by linear accelerator
205 and treatment table 2435 to provide radiation therapy
fractions. Each of treatment plans 282 may require a patient to
be positioned 1n a particular manner with respect to treatment
head 210. In this regard, system control application 281 1s
executed to position a patient in conformance with a treat-
ment plan according to some embodiments. Details of such
positioning according to some embodiments will be provided
below.

Storage 280 also comprises three-dimensional planning
CT images 283, three-dimensional pre-treatment C'T 1images
284 and linac projection images 285. Images 283 through 285
may be employed as described below to position a patient
according to some embodiments.

A hardware environment according to some embodiments
may include less or more elements than those shown in FIGS.
1 through 3. In addition, embodiments are not limited to the
illustrated devices and/or to the 1llustrated environment.

FIG. 4 1s a flow diagram of process 400 according to some
embodiments. Process 400 and the other processes described
herein may be performed using any suitable combination of
hardware, software or manual means. Software embodying
these processes may be stored by any tangible medium,
including but not limited to a fixed disk, a floppy disk, a
CD-ROM, a DVD-ROM, a Flash drive, or a magnetic tape.
Examples of these processes will be described below with
respect to the elements of rooms 100 and 200, but embodi-
ments are not limited thereto.

Initially, at S405, a three-dimensional planning 1mage of a
patient volume 1s acquired. The three-dimensional planning
image may be acquired using a C'T scanner such as scanner
110, a kilovoltage or megavoltage cone beam imaging sys-
tem, or by any other system. Some embodiments of S405 do
not include acquisition of projection images and reconstruc-
tion of a three-dimensional 1image based on the projection
images, but may simply include obtaining a three-dimen-
sional planning 1mage which was created by another entity
(e.g., another hospital) in a computer-readable format.

A treatment 1socenter 1n the three-dimensional planning
CT image 1s 1dentified at S410. In some embodiments, a
clinician operates console 120 to evaluate the three-dimen-
sional planning 1mage to i1dentily the treatment isocenter.
Such evaluation may include review of two-dimensional
slices of the three-dimensional planning image. In one
example, the clinician locates a tumor in the three-dimen-
sional planming 1image and chooses the center of the tumor as
the treatment 1socenter. A treatment plan may also be deter-
mined at S410 based on the treatment 1socenter.
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S415 through S455 may occur soon before actual execu-
tion of the treatment plan. At S415, a three-dimensional pre-
treatment 1mage of the patient volume 1s acquired. The three-
dimensional pre-treatment 1mage 1s intended to record any
movement of the treatment 1socenter resulting from physi-
ological changes or the like. The three-dimensional pre-treat-
ment image may be acquired the same scanner used at S403,
a different CT scanner within the same treatment center as the
scanner used at S405, or a different CT scanner within a
different treatment center as the scanner used at S405.

Next, at S420, the patient volume 1s moved to a linac
1socenter and projection 1mages of the patient volume are
obtained. Acquisition of the projection 1mages may include
rotating gantry 215 to various positions around patient 115
and, at each position, emitting radiation toward imaging
device 235 to acquire a two-dimensional projection image of
patient 115. At least some of the various positions may be
orthogonal to one another.

According to some embodiments, and prior to S420, tattoo
marks placed on patient 115 after identification of the treat-
ment 1socenter as described above are roughly aligned with
lasers (not shown) within the treatment room 200 1n order to
roughly register the treatment 1socenter with the 1socenter of
linac 205. Process 400, however, does not require laser-based
alignment for eflicacy.

Projection 1mages corresponding to the acquired projec-
tion 1mages are calculated at S423 based on the three-dimen-
sional pre-treatment 1mage. Generally speaking, S4235 com-
prises calculating, for each gantry position, a theoretical
projection 1mage that would have been acquired 11 the linac
1socenter and the treatment 1socenter were perfectly aligned
during S420. As will be described below, the calculated pro-
jection images may comprise Digitally Reconstructed Radio-
graphs (DRRs) determined from the three-dimensional pre-
treatment 1image. Calculation of the projection images may
employ a projection matrix which uniquely maps any three-
dimensional point in room 200 onto a two-dimensional point
on 1maging device 233.

Differences between the calculated projection images and
cach corresponding acquired projection image are deter-
mined at S430. That 1s, for each gantry position, differences
are determined between a projection 1mage acquired at that
gantry position and the theoretical projection image that
would have been acquired at that gantry position if the linac
1socenter and the treatment 1socenter were perfectly aligned.

Next, at S435, a first transformation between the linac
coordinate system and the coordinate system of the three-
dimensional pre-treatment image 1s determined based on the
differences. A detailed example of this determination 1s pro-
vided below.

Next, at S440, a position of the linac 1socenter in the three-
dimensional pre-treatment image 1s determined based on the
first transformation. In this regard, the first transformation
transforms any point 1n the linac coordinate system to a point
in the coordinate system of the three-dimensional pre-treat-
ment image. Theretfore, the transformation 1s used at S440 to
transform the origin (i.e., (0, 0, 0)) 1n the linac coordinate
system to a corresponding point in the coordinate system of
the three-dimensional pre-treatment 1image.

A second transformation between the coordinate system of
the three-dimensional pre-treatment 1mage and the coordi-
nate system of the three-dimensional planming image 1s deter-
mined at S445. This transformation may comprise a feature-
based 3D-3D registration between the two images as 1s
known 1n the art. Based on second transformation, a position
of the treatment 1socenter 1n the three-dimensional pre-treat-
ment 1image 1s determined at S450.
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Since the position of the treatment 1socenter in the three-
dimensional pre-treatment image and the position of the linac
isocenter 1n the three-dimensional pre-treatment 1image are
now known, the positions of the linac 1socenter and the treat-
ment 1socenter relative to one another may be easily deter-
mined. Based on these positions, the treatment 1socenter in
the patient volume 1s aligned with the linac 1socenter at S455.
Alignment at S455 may comprise moving patient 115 and/or
table 245 with respect to the 1socenter of linac 210.

The following 1s a detailed description of S425 through
S440 according to some embodiments. To assist in the under-
standing thereof, the relevant coordinate systems will initially
be defined.

FIG. 5 includes block representations of gantry 215 and
imaging device 235 of linac 210. Fixed coordinate system (F)
1s fixed with respect to room 200, with 1ts origin O . located at
the linac 1socenter. The 7. axis 1s oriented vertically and
coincides with the central axis (CAX) of a beam produced by
the gantry 215 when at the 0 degree position. The Y - axis 1s
directed toward gantry 2135 and the X axis increases toward
the right for an observer facing gantry 213.

Treatment Patient Volume coordinate system (TP) 1s asso-
ciated with the three-dimensional pre-treatment image. Its
origin O, 1s set by the imaging device used to acquire the
pre-treatment 1mage. Axes X -, Y -» and 7. follow the con-
ventions of the fixed coordinate system. The axis Z - runs in
the caudocramial (feet to head) direction, the axis Y, 1s
directed from the anterior to posterior direction and the axis
X » Increases from the right to left of the patient. The present
description assumes right-handed coordinate systems. There-
fore, an anticlockwise rotation around an axis, as viewed by
one looking toward the origin from the positive side of the
axis, 1s considered a positive rotation.

Each slice 1n the three-dimensional pre-treatment image
may be defined by the following quantities in the TP system:

Row Vector: The unit row vectorr,_ .. runs along the row
of each slice. Since the acquired slices are parallel to each
other, each slice has the same row vector.

Column Vector: The unit column vector ¢ ___._. runs along
the column of each slice. Again, since the acquired slices are
parallel to each other, each slice has the same column vector.

Position Vector: The position vector POS . (K) describes
the location of the center of the top left voxel (the first trans-
mitted voxel) of the k-th slice in the TP system.

Voxel Location: Ina CT volume, along with unit row vector
r.... unit column vector c . . and position vector
POS, _ . . (k) for slice k, also available are information of
pixel width p,,, ;. pixel height p,,..;,, width in number of
pixels (in row direction) N_ . ... height in number of pixels (in
column direction) N,,,.,, and number of slices N;;_... The
center ot voxel(l, J, k), 1=1=N, . ;. 1=1=N, 0 1=k=N, . 1n
the TP coordinate system 1s computed as below:

POS (I.J.: k) :Posvecrar(k)-l-(f_ 1)pwidrhrv€crar+ (j_ 1 )
Y heigh Cyector

If slices are acquired with equal gap and thickness, the
voxel location may be alternatively computed as:

POS (fﬂjﬂ.k):POSvecmr(l )+(f_ 1 )pwidrh Pvector™ (j_ 1)
Y heigh Cvectort (k_ l)p sl fceddvecmr

Here,

:(Posvecrar(stices)_POS vecmr(l ))/ | POS

)_Posvecmr(l ) |

dvecfar veolior

(NS

lices

And

psh'ce:(POSvecrar(N 1

slices

)_POSvecrar(l ))/N

slices
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The coordinate transformation from a system s, to a system
s, 1s denoted as T, **. Throughout, we use homogeneous co-
ordinate system. Based on this notation, the transformation
from the system F to system TP is denoted as T, .

FIG. 5 also shows a head-first-supine (HFS) coordinate
system having an origin located at linac 1socenter O, Rotation
about X axis by —90 degrees, indicated as R (-90°, trans-
forms a point from the F system to an HFS-oriented system at
machine 1socenter.

The transtormation’1,,, ;" ~ transforms points from the
HEFS-oriented system to a coordinate system determined by

the current patient orientation with an origin at the linac

HES

isocenter O, ‘The translation transformation T(T )
expresses the point in the TP system whose origin 1s separated

—*

away from the linac 1socenter O,by the vector I ...
Combining the above, the coordinate transformation from
the F to the TP system can be expressed as

T =TT 1) e oni ™ "RE{(~90°)

f ori

FIG. 6A 1llustrates three-dimensional pre-treatment image
600 acquired at S415 1n coordinate system TP, and FIG. 6B
illustrates acquisition of projection images at S420 according
to some embodiments. As shown, multiple two-dimensional
projection 1images of the patient are acquired from multiple
pre-determined locations of the X-ray source and detector
(e.g., imaging device 235). Fach projection 1, 1=1=N, 15 asso-
ciated with known source location S; and a known detector
location 1n the Fixed coordinate system.

For each projection j with a fixed source and fixed detector
location 1n space, a 3x4 projection matrix (transformation) P,
exists that umquely maps any three-dimensional point in the
Fixed system (X, Yz, Zz) onto a two-dimensional point (u, v;)
on the detector, such that:

_zluj | AE
F
}L‘v’j = Pj g
A LF
L . ] 1 |

The elements of the projection matrix P, can be obtained
via geometry calibration which takes into account physical
characteristics of room 200 (e.g., position of X-ray source(s),
position of flat panel detector, panel tilt, panel sag, etc.), as 1s
known 1n the context of cone beam geometry calibration. The
coordinate of the source S, 1n the Fixed coordinate system can

be obtained from the projection matrix P~=P,;, 4=
[M, 303y syl @ S7=-M, 5,307 3,1y, Where 1, 1<j<N
denotes the j-th acquired portal image.

The transformation from the linac coordinate system (1.¢.,
F) to the pre-treatment image coordinate system (i.e., TP)
may be determined at S435 by an 1terative 2D-3D registration
process. To begin 1teration, an 1nitial estimate of the transfor-
mation 1s determined by assuming that the center of 1image
600 1s the linac 1socenter and that the axes of TP are parallel
with the axes of F. Accordingly, the TP coordinate of the

center of the volume 1s

- Nwi N el Ns ICES
[ _p OS( dih {Vheight ! ]

2 7 2 72
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Using the equation for T,,»" noted above, an initial estimate
of the transformation may be expressed as:

TTPF(G): T(T HFSRCX(_QO D)

cen rer) ) pat__ori
For iteration k, the jth source location may be expressed 1n

the TP system as follows:

PR PR F
‘S:.r' _TTP ‘S:; "

Therefore, at S425, DRRs may be obtained for each source
location used to acquire a projection 1mage by ray-tracing
from the jth source location 1n the TP system through image
600. The resultant DRR 1s denoted as Dj(k).

At S430, different error metrics or similarity measures may
be defined as a function of the acquired projection images and
their corresponding DRRs. For example:

&(k):‘f(I]_JDl(k)J .- JINJDN(;E))

Based on the above measure, the transformation from the F
system to the TP system 1s updated such that the measure will
be reduced after the next iteration:

I TPFGHD:E (7 IPF{;C):&(;C))

The process stops after a certain number of 1terations or 1f
an error threshold 1s met. If k* 1s the final 1teration, then tlkj_lga
transformation from the F system to the TP system 1s T TPF{ :
and the position of the linac isocenter 1n the TP system 1s

computed as:

—> F(k*)
Irp = TTP

T s N o B

FIG. 7 1s a flow diagram of process 700 according to some
embodiments. A three-dimensional planning image of a
patient volume 1s initially acquired at S7035. As described with
respect to S405, the three-dimensional planming 1mage may
be acquired, for example, by using a CT scanner such as
scanner 110, a kilovoltage or megavoltage cone beam 1mag-
ing system, or by obtaining a three-dimensional planning
image which was created by another entity 1n a computer-
readable format.

A treatment 1socenter in the three-dimensional planning
CT image 1s identified at S710, and a treatment plan may also
be determined at S710 based on the treatment 1socenter. Next,
and relatively soon before treatment, a three-dimensional
pre-treatment 1mage of the patient volume 1s acquired at
S715. The three-dimensional pre-treatment image 1s acquired
while the patient volume 1s positioned on a support including
fiducials.

FIG. 8 illustrates room 800 for executing some embodi-
ments of S715. CT scanner 810 may operate as described
above with respect to CT scanner 110. Support 860 may
comprise a platform, a table, a couch, or any other system
suitable for supporting patient 850.

Support 860 includes fiducials f,', f, ', and f,'. Fiducials
', 1,/ , and f,' may be permanently or removably attached to
support 860 using any suitable attachment system. Fiducials
', f,,5, and f,' may be shaped, sized and/or arranged on
support 860 1n a manner which facilitates their individual
identification within acquired 1images.

Fiducials f,', f,,", and f,' may be composed of any combi-
nation of materials which are compatible with megavoltage-
based imaging. Since CT scanner 810 utilizes kilovoltage
radiation, fiducials ', f, ', and f,;' and may also be compat-
ible with kilovoltage-based imaging. Examples include
oxides of transition metals such as aluminum oxide and zir-
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conium oxide, which are visible 1n megavoltage images and
do not create excessive streaking in kilovoltage images.

Accordingly, the image acquired at S715 will include the
fiducials of support 860. Positions of the fiducials within the
pre-treatment 1mage are determined at S720. The positions
are determined in the coordinate system of the pre-treatment
image.

Next, at 8725, the patient volume 1s moved to a linac
1socenter and projection 1images of the patient volume are
obtained. As described with respect to S420 of process 400,
acquisition of the projection images may include rotating a
gantry to various positions around a patient and, at each
position, emitting radiation toward a detector to acquire a
two-dimensional projection image of the patient. In contrast
to S420, the projection 1images are acquired while the patient
is positioned on support 860 including fiducials f,', f, , and
f'.

FI1G. 9 illustrates treatment room 900 during acquisition of
the projection images at S725. As shown, patient 850 1s posi-
tioned on support 860, which includes fiducials f,*, f,,", and
f'. Accordingly, some, but not necessarily all, of the acquired
projection images will include an 1image of a fiducial. Patient
850 may be positioned at S725 by aligning tattoo marks
corresponding to the treatment 1socenter with lasers (not
shown) within treatment room 900.

Next, at S730, positions of the fiducials in the linac coor-
dinate system are determined based on the acquired projec-
tion 1mages. Briefly, the positions may be triangulated based
on their positions within the projection 1images and the cor-
responding locations of imaging device 935 during acquisi-
tion of the projection 1mages. A detailed description of the
determination at 8730 according to some embodiments 1s
provided below.

A first transformation between the linac coordinate system
and the coordinate system of the three-dimensional pre-treat-
ment image 1s determined at S735. The first transformation 1s
determined based on the positions determine at S720 and the
positions determined at S730. Again, a detailed example of
this determination 1s provided below.

Next, at S740, a position of the linac 1socenter 1n the three-
dimensional pre-treatment image 1s determined based on the
first transformation. As mentioned above, the first transfor-
mation may be used to transform the origin (1.e., (0, 0, 0)) in
the linac coordinate system to a corresponding point 1n the
coordinate system of the three-dimensional pre-treatment
1mage.

A second transformation between the coordinate system of
the three-dimensional pre-treatment 1mage and the coordi-
nate system of the three-dimensional planming image 1s deter-
mined at S745. This transformation may comprise a feature-
based 3D-3D registration between the two images as 1s
known 1n the art. Based on second transformation, a position
of the treatment 1socenter 1n the three-dimensional pre-treat-
ment 1image 1s determined at S750.

The position of the treatment 1socenter 1n the three-dimen-
sional pre-treatment 1image, and the position of the linac 1so-
center 1n the three-dimensional pre-treatment 1mage are now
known. The relative positions of the linac 1socenter and the
treatment 1socenter, and without regard to coordinate sys-
tems, may therefore be easily determined therefrom. The
treatment 1socenter in the patient volume 1s aligned with the
linac 1socenter based on this determination at S755

The following 1s a detailed example of S730 through S740
according to some embodiments. As mentioned above, posi-
tions of fiducials 1n the linac coordinate system are deter-
mined at S730 based on the projection images acquired by the
linac.
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FIG. 10A 1llustrates pre-treatment image 900 and support
860 according to some embodiments. FIG. 10B 1llustrates the
acquisition of two projection 1mages of patient 850 while
positioned on support 860. Each projection j, 1=1=N, 1s asso-
ciated with known source location S; and a known detector
location 1 the Fixed coordinate system. Moreover, as
described above, for each projection 1 with a fixed source and
fixed detector location in space, a transtormation P, uniquely
maps any three-dimensional point in the Fixed system (X, v,
zr) onto a two-dimensional point (u;, v;) on the detector.

Therefore, the three-dimensional coordinate T 7 of a fidu-
cial in the 1s F system 1s related to the two-dimensional
coordinate 1n the j-th projection Tf via the projection matrix

: I__ F
P.. Specifically, Afz —Pj?i .

Based on the foregoing, the following set a system of
overdetermined linear equations holds for every unknown

three-dimensional fiducial position T 7

ff _Pl_
S yl
fi. = Pj ff
LN Py
P

Aff 1s determined by solving the above set of equations.
For each fiducial, 1ts three-dimensional coordinate 1n the pre-

treatment 1image (1.¢., ?fp ) and 1its three-dimensional coor-

dinate 1n the linac coordinate system (1.e., Aff ) are known.

The transformation T, from the linac coordinate system
to the pre-treatment image coordinate system may then be
determined at S735 based on the following set of overdeter-
mined set of linear equations:

- TP - F -
' 1
TP _ F
/i TPl f,
TP F
S S

Next, at S740, the location T +» Ol the linac 1socenter 1n the

TP system 1s determined based on TTPF :

y F
I'rp=Trp

B s T s A

Those 1n the art will appreciate that various adaptations and
modifications of the above-described embodiments can be
configured without departing from the scope and spirit of the
claims. Therefore, 1t 1s to be understood that the claims may
be practiced other than as specifically described herein.
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What 1s claimed 1s:

1. A method comprising:

acquiring a first three-dimensional computed tomography

image ol a patient volume at a computed tomography
scanner;

acquiring projection images of the patient volume located

at an 1socenter of a linear accelerator;

determining a first transformation between a coordinate

system of the linear accelerator and a coordinate system
of the first three-dimensional computed tomography
image based on the projection 1mages;

acquiring a second three-dimensional computed tomogra-

phy 1image of the patient volume;

identifying a treatment isocenter 1n the second three-di-

mensional computed tomography 1image;

determining a second transformation between the coordi-

nate system of the first three-dimensional computed
tomography image and the coordinate system of the
second three-dimensional computed tomography
1mage;

determining a first position of the linac 1socenter in the first

three-dimensional computed tomography image based
on the first transformation;

determining a second position of the treatment 1socenter in

the first three-dimensional computed tomography image
based on the second transformation; and

aligning the treatment 1socenter 1n the patient volume with

the linac 1socenter based on the first position and the
second position.

2. A method according to claim 1, wherein determining the
transformation comprises:

for each acquired projection 1mage, calculating a corre-

sponding projection images from the first three-dimen-
stonal computed tomography 1mage; and

determining the transformation based on differences

between the calculated projection images and their cor-
responding acquired projection images.

3. A method according to claim 1, wherein acquiring the
first three-dimensional computed tomography 1image of the
patient volume comprises:

acquiring the first three-dimensional computed tomogra-

phy 1image of the patient volume positioned on a support
comprising fiducials,

wherein acquiring projection images of the patient volume

located at the 1socenter of the linear accelerator com-
Prises:

acquiring projection 1mages of the patient volume posi-

tioned on the support, and

wherein determining the transformation comprises:

determining first positions of the fiducials in the coordinate

system of the first three-dimensional computed tomog-
raphy 1image;

determining second positions of the fiducials 1n the coor-

dinate system of the linear accelerator based on the
projection 1images; and

determining the transformation based on the first positions

and the second positions.

4. A non-transitory medium storing processor-executable
program code, the program code executable to:

acquire a first three-dimensional computed tomography

image ol a patient volume at a computed tomography
scanner;

acquire projection 1mages of the patient volume located at
an 1socenter of a linear accelerator;
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determine a transformation between a coordinate system of
the linear accelerator and a coordinate system of the first
three-dimensional computed tomography 1mage based
on the projection 1mages;

acquire a second three-dimensional computed tomography
image of the patient volume;

identily a treatment 1socenter 1n the second three-dimen-
sional computed tomography image;

determine a second transformation between the coordinate
system of the first three-dimensional computed tomog-
raphy 1mage and the coordinate system of the second
three-dimensional computed tomography 1mage;

determine a first position of the linac i1socenter 1n the first
three-dimensional computed tomography 1mage based
on the transformation;

determine a second position of the treatment 1socenter 1n
the first three-dimensional computed tomography image
based on the second transformation; and

align the treatment 1socenter in the patient volume with the
linac 1socenter based on the first position and the second
position.

5. A medium according to claim 4, wherein determination

of the transformation comprises:

for each acquired projection image, calculation of a corre-
sponding projection images from the first three-dimen-
stional computed tomography 1image; and

determination of the transformation based on differences
between the calculated projection images and their cor-
responding acquired projection images.

6. A medium according to claim 4, wherein acquisition of

the first three-dimensional computed tomography 1mage of
the patient volume comprises:

acquisition of the first three-dimensional computed tomog-
raphy 1image of the patient volume positioned on a sup-
port comprising fiducials,

wherein acquisition of the projection 1mages of the patient
volume located at the 1socenter of the linear accelerator
COMprises:

acquisition of the projection images of the patient volume
positioned on the support, and

wherein determination of the transformation comprises:
determination of first positions of the fiducials 1n the coor-
dinate system of the first three-dimensional computed
tomography 1image;
determination of second positions of the fiducials 1n the
coordinate system of the linear accelerator based on the
projection images; and
determination of the transformation based on the first posi-
tions and the second positions.
7. A system comprising:
a computed tomography scanner to acquire a first three-
dimensional computed tomography image of a patient
volume:
an 1maging system to acquire projection images ol the
patient volume located at an 1socenter of a linear accel-
erator; and
a computing device to:
determine a transformation between a coordinate system
of the linear accelerator and a coordinate system of
the first three-dimensional computed tomography
image based on the projection 1mages;

identily a treatment 1socenter in a second three-dimen-
sional computed tomography 1mage;

determine a second transformation between the coordi-
nate system of the first three-dimensional computed
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tomography image and the coordinate system of the
second three-dimensional computed tomography
1mage;

determine a first position of the linac 1socenter in the first
three-dimensional computed tomography 1image
based on the transformation;

determine a second position of the treatment 1socenter 1n
the first three-dimensional computed tomography
image based on the second transformation; and

align the treatment 1socenter 1n the patient volume with

the linac 1socenter based on the first position and the
second position.

8. A system according to claim 7, wherein determination of
the transformation comprises:

calculation, for each acquired projection 1image, of a cor-

responding projection image from the first three-dimen-
stional computed tomography 1mage; and

determination of the transformation based on differences
between the calculated projection images and their cor-
responding acquired projection images.
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9. A system according to claim 7, further comprising:

a support comprising fiducials,

wherein acquisition of the first three-dimensional com-
puted tomography 1mage of the patient volume com-
Prises:

acquisition of the first three-dimensional computed tomog-
raphy 1mage of the patient volume positioned on the
support comprising fiducials,

wherein acquisition of the projection 1mages of the patient
volume located at the 1socenter of the linear accelerator
COMPrises:

acquisition of the projection images of the patient volume
positioned on the support, and

wherein determination of the transformation comprises:

determination of first positions of the fiducials 1n the coor-
dinate system of the first three-dimensional computed
tomography 1image;

determination of second positions of the fiducials 1n the
coordinate system of the linear accelerator based on the
projection 1images; and

determination of the transformation based on the first posi-
tions and the second positions.

G ex x = e
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